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Formation of the Radical Anion of Cubene and Determination of the Heat of Formation, Heat of Hydrogenation, and Olefin Strain Energy of Cubene
Small strained ring compounds have fascinated chemists for generations and have been the subject of numerous investigations.' Many of these species are fleetingly stable, and as a result, thermodynamic information is usually unavailable. Gas-phase ion chemistry is of considerable value in this regard, and we report herein on the heat of formation, heat of hydrogenation, and olefin strain energy of cubene.
The atomic oxygen radical anion (O+) reacts with many organic compounds by abstracting both a proton and a hydrogen atom to afford a new radical ion and water.2 For example, bicyclobutane reacts with 0'-to produce the radical anion of bicyclobutene (eq l).3 We have found that cubane reacts with the atomic oxygen ion in a home-built Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer4 to afford hydroxide and a CsH6.-ion (1, m/z 102) which we believe is the radical anion of cubene (eq 1 2 Our structural assignment is based, in part, upon analogy to other recent work, Le., the formation of cubene6 and the radical anions of bicyclobutene3 and benzyne.' Ion 1 also undergoes five hydrogen/deuterium exchanges upon reaction with deuterium (5) A small amount (S%) of a M -3 ion is also formed. This species could be the conjugate base of cubene, but since it is formed in low yield it was not explored further. Cubane and 0-also react in a flowing afterglow device to afford a small signal of the M -2 ion, but the reaction is inefficient and precludes a thorough investigation of this ion. oxide (Figure 1 ).8 A sixth sequential exchange is not observed because of the falling intensity of the deuterium containing ions with time and the presence of a competitive deuteron transfer pathway, Le., DO-formation. The only other CgH6* isomer which would be expected to undergo at least five H/D exchanges is the radical anion of 1,2-dehydrocyclooctatetraene, but this species can be ruled out on thermodynamic grounds.9
The above result strongly suggests that the acidity of cubyl radical (2) is similar to that of deuterium oxide (8) The slight increase in the relative abundance of the dl ions at reaction times exceeding 0.8 s may be a result of the presence of another species with the same mass as the dl ion. The present experiments do not give insight into the origin or structure of this species. Initially, it cannot be anything more than a minor ion, but it can become more pronounced at longer times because the sum of the abundanccs of the d , & cubene radical anions decreases as a result of deuteron transfer (DO-formation) and possibly some electron detachment. In any case, the H-D exchange results are inconsistent with the 1,3-and 1 ,4-dehydrocubane radical anions since these species should undergo two and zero exchanges, respectively.
(9) If the radical anion of 1,2-dehydrocyclooctatetraene was formed and one assumes a vinyl C-H BDE of 1 10 kcal mol-' for 1,3,5,7-cyclooctatetraene, then one can derive a heat of hydrogenation for the neutral dehydrocyclooctatetraene going to cyclooctatetraene using our experimental data and a thermodynamic cycle similar to the one shown in eqs 3-7. The heat of hydrogenation would be 98 kcal mol-I, which is unreasonably large given that the hydrogenation energy of 2-butyne going to cis-2-butene is 37 kcal mol-l,lO (1 1) All thermodynamic information including gas-phase acidities and eV).llJ3 This data indicates that the electron affinity of cubene (3) is 0.50 f 0.1 eV (11.5 i 2 kcal mol-'), which is similar to that of bicyclobutene (8 i 4 kcal mol-')3 and in accord with the expectation for a highly bent out-of-plane olefin. Most hydrocarbons do not have bound radical anions; the loss of an electron is exothermic. However, the LUMO energy drops and the binding energy increases as an alkene is distorted from planarity.14 Our data can be combined with the C-H bond dissociation energy (BDE) of cubane (4) and some well-known ancillary thermochemical data to derive the heat of hydrogenation of cubene. Unfortunately, the C-H BDE of cubane has not been measured, and thus we have used ab initio calculations to obtain this quantity. Three methods were used: direct calculation of the bond energy (104 kcal mol-I),'s an isodesmic reaction giving the relative BDEs of cubane and isobutane (104 kcal mol-I),'6 and a thermodynamic cycle relating the acidity of cubane and the electron affinity of cubyl radical to the bond dissociation energy of interest (104 kcal m0l-').l7 All three procedures were carried out using second-order Morller -Plesset perturbation theory and 6-31+G(d) or 6-31G(d) optimized geometries (e.g., MP2/ 6-3l+G(d)//6-31+G(d))** and gave the same result, 104 kcal mol-', to within 1 kcal mol-'. This value is in accord with the limited available experimental data and seems quite reasonable. accord withan OSEof 58.9 kcal mol-' anda heat of hydrogenation of 82.5 kcal mol-' previously calculated by Hrovat and Borden with a two-configuration wave function (6-31G 
